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Phased-array antennas are commonplace in the radiofrequency portion of the 
electromagnetic spectrum.  Exploitation of phasing effects between multiple antennas 
facilitates a wide range of applications, including synthetic-aperture radar, beam 
forming, and beam scanning.  For the first time, the phased addition of multiple dipole 
antennas is demonstrated in the infrared, at a wavelength of 10.6 micrometers.  
Coplanar strip lines are used to interconnect the antennas, preserving the phase of the 
individual contributions.  Several different proof-of-concept experiments are performed, 
using planar antennas fabricated with direct-write electron-beam lithography.  Infrared-
frequency currents from two dipole antennas are summed together at a common 
feedpoint and dissipated in a bolometric load.  Angular pattern measurements show that 
the direction of maximum gain depends on the phase difference between the antennas.  
As more antennas are added together in phase, beam narrowing is observed in the 
angular response.  Another experiment uses a two-dipole array to directly measure the 
magnitude of the mutual coherence function, at the plane of the antennas, of a spatially 
incoherent narrowband source.  Measurements are also made of the broadside antenna 
response comparing air-side and substrate-side situations for a dipole antenna 
fabricated on a hemispherical immersion lens.  In all cases, the measured behavior is 
confirmed by electromagnetic analysis. 
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Phased Antenna-coupled Micro-bolometers 
This doctoral dissertation focuses on the design, simulation, fabrication, and testing of 
phased infrared antenna-coupled micro-bolometers. Antenna-coupled micro-bolometers 
are quite different from conventional bolometers by their specific detection mechanism. 
The detection mechanism in an antenna-coupled micro-bolometer is an antenna that is 
sensitive to incident radiation field. Current waves generated along the antenna arms 
are dissipated in the micro-bolometer thus changing the temperature of the material 
which can be electronically sensed from the resultant change in resistance of the 
bolometer [1]. Previous research has shown that dipole-coupled antennas can be 
fabricated and are sensitive to 10.6 µm infrared radiation [2, 3]. 
 
Antenna-coupled micro-bolometers have an advantage over conventional bolometers 
because of their sensitivity to the polarization of the incident field according to the 
design of the antenna. Additionally, the same principles that apply to antennas in the 
radio frequency spectrum (RF) can be extended to infrared antennas.  
 
Advantages of Infrared Antenna-coupled Micro-bolometers 
The advantages of infrared antenna-coupled micro-bolometers include not only the 
ability to perform inter-element phasing as mentioned above, but also a wide range of 
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other applications. The spectral response of the antenna is controllable by the design of 
the antenna. Controlling the spectral response of the antenna provides a means of 
tuning the antenna to the desired wavelength of interest. For this application the 
wavelength of interest is the long-wave infrared region (LWIR) from 8 to12 µm. 
However, by tuning the response of the antenna practically any wavelength response is 
achievable [4], such as mid-wave infrared (MWIR) response in the 3-5 µm region of the 
electromagnetic spectrum. Based on the type and geometry of the antenna the 
bandwidth of the spectral response can also be tuned for a relatively narrow bandwidth 
(e.g. dipole antenna) or wide bandwidth (e.g. spiral) [5]. Selectivity to specific 
polarizations such as linear and circular polarization can be performed depending on 
design of the antenna and orientation.  
 
Utilizing the antenna as the collection mechanism for the incident radiation, the size of 
the bolometer can be reduced. This reduction in bolometer size facilitates a shorter time 
constant [1, 6], making the device useful at high frame rates. Reduction in the size of 
the bolometer allows for the freedom to set the array pixel pitch. This reduction in pixel 
pitch gives rise to increased resolution and range for a focal-plane-based infrared 
imaging device.  
 
General electromagnetic antenna phasing concepts can be extended and applied at 
infrared wavelengths. The utilization and exploitation of the preserved phase information 
on the antenna arms allows for the combination of multiple antennas in an array in order 
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to perform beam scanning and beam shaping. The radiation pattern of the arrays can 
be determined in a manner similar to that utilized in the radio frequency range by using 
the individual antenna elements, their orientations, positions in space, amplitude and 
phase of the exciting currents. Array patterns can be characterized as a product of the 
element pattern and the array factor. By specifying the phase of the exciting currents in 
each antenna element of an array, the radiation pattern of the array can be 
concentrated at certain angles. 
 
The use of infrared antennas to exploit an infrared scene would preserve the magnitude 
and phase information directly at the pupil plane during the detection process. In this 
way well-known techniques such as synthetic aperture radar, which has already been 
well-studied and is currently being used in the RF range [7], can be extended to the 
infrared. Infrared arrays would be lighter and have a larger field of view for a given 
aperture size than the competing glass lens design, thus facilitating the formation of 
much larger arrays. Large sparse infrared arrays could be formed by coupling multiple 
arrays and using advanced signal processing techniques. Creating larger sparse 
infrared arrays would allow for electronically steerable apertures with higher resolution 
at a fraction of the weight typically associated with conventional optics. 
 
Employing these concepts in the construction of stand-alone imaging devices utilizing 
an electronically steerable aperture would not require the use of conventional front-end 
optics such as the one shown in Figure 1. 
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Figure 1 (A) Typical infrared imager; (B) Phased-array imager 
 
 
This concept stands to reduce the cost, weight, and size of future imaging systems 
allowing application on various platforms. 
 
For the purposes of this research, a simplified approach is taken, using two dipole 
antennas as shown in Figure 2, that have been interfaced using a micro-bolometer to 
experimentally demonstrate phase preservation and array properties. The measured 
change in voltage across the bolometer depends on the coherent contribution of 
currents from each dipole, which shows characteristics of both a bias term and 




Figure 2 SEM image of a dual-dipole infrared Antenna 
 
 
IR Phased-array Concept 
The phased-array concept depends on interconnection of infrared antennas in a manner 
which preserves the phase relationship of the current waves on each antenna. First, it is 
important to clearly distinguish between “phase-incoherent” and “phase-coherent 
interconnections”.  
 
Figure 3 Series of interconnection of bolometers 
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Figure 4 Interconnection of two millimeter wave dipoles with co-planar waveguide 
 
 
In Figure 3 a series interconnection of bolometers each with their own infrared antenna 
is shown. This results in an extended spatial response, but not a phased-array. Figure 4 
shows an interconnection of two millimeter (mmW) wave dipole antennas with co-planar 
waveguides which preserve the relative phase of each of the current-wave signals from 
the two antennas when superimposed at the common bolometer. 
 
Array patterns are characterized as a product of element pattern and the array factor, 
where the element pattern is the pattern of a single antenna element and the array 
factor is the pattern of the array with the elements replaced by isotropic point sources. 
For a linear array with inter-element phase shifts α as shown in Figure 5, the array 
factor is given by 
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where d is the inter-element spacing, β is the propagation constant, θ is the angle of 




Figure 5 Linear array with inter-element phase shifts 
 
 
In terms of radiation pattern, to create a scannable phased-array the number of 
elements (N) is first increased in order to narrow the beam as shown in Figure 6 and 
then the inter-element phase difference is changed in order to shift the beam as shown 




Figure 6 Phased Antenna Beam-forming 
 
 
Figure 7 Phased antenna beam shifting 
 
Summary 
Utilization of ideas and concepts already utilized at other portions of the electromagnetic 
spectrums and extending them to the infrared region allows for vast improvements over 
conventional infrared imagers. Future use of an active array that has a narrow beam 
which potentially can be scanned through space would not require standard front-end 
optics in order to form the image can result in reduction of payload size compared to 
standard infrared imagers and has additional weight and cost savings. The rest of this 
dissertation will discuss the issues of designing, testing, and measuring infrared 
antennas in order to demonstrate that phase can be preserved and utilized in an array 
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INFRARED ANTENNA DESIGN 
Antenna Design Choices 
As a means of showing that phase information is preserved, a simple demonstration of 
a phased-array of two linear dipoles was created. The dipole antenna length was 
designed to resonate at λintial-eff/2 on a Si dielectric substrate which was determined from 
previous research [8] to be 2.4 µm. This provides half-wave dipole resonance at a free 
space wavelength of λ = 10.6 µm. For relative ease of fabrication purposes the width of 
the antenna was chosen was 200 nm.  The initial spacing used between the two dipoles 
was designed for an effective 1800 phase difference to occur between the current 
waves generated by two dipoles with the bolometer located at one of the dipoles in the 
dual-dipole design and therefore was also 2.4 µm. This spacing and other subsequent 
dual-dipole spacings were calculated using HFSS modeling results for a better 
approach of determining the effective index and is discussed in greater detail in Chapter 
7. The material for the antenna structure was Au due to its relatively low (TCR) 
temperature coefficient of resistance value (0.03% per 0C) and low resistivity. A single 
bolometer was used as the summation point for the current waves generated by the two 
dipoles. The dimensions of the bolometers were 600 nm x 600 nm.  The bolometer 
material was chosen to be Ni. While Ni has a low to moderate TCR value of 0.06% per 
0C compared to other available bolometric materials such as Nb [9] with a value of 0.2% 
per 0C, it does have a higher resistance than other bolometric materials. This higher 
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resistance allows the voltage drop across the bolometer to dominate any voltage drop 
across the antenna structure itself.  
Connection Between Dual-dipoles 
To truly achieve a phased-array, transmission lines for IR signal routing must be 
incorporated into the design in order to deliver the signals to the bolometer while 
minimizing the attenuation and propagation delay. Research [10] into the area of IR 
signal routing has lead to the development of coplanar and microstrip waveguides at IR 
wavelengths. A dual-dipole antenna design utilizing coplanar waveguides was designed 
and is shown in the SEM image in Figure 8. 
 
 




A dual-dipole antenna design utilizing co-planar waveguides with lead lines extending in 
one direction was also designed and is shown in the SEM image in Figure 9 
 
 




As depicted in Figure 8, lead lines extend to the left and to the right of the antenna 
structure. Lead lines allow for biasing the antenna and signal extraction to be performed 
to monitor the change in voltage across the bolometer. The lead lines are 200 nm near 
the antenna and taper out wider to relatively large bond pads 100 µm x 200 µm. The 
bondpads are located 50 µm to the left or to the right of the center of the antenna. Due 
to the relative small scale of the antennas the bond pads provide a means of physically 
connecting bondwires from the bondpads to a chip carrier which can easily be plugged 
in electrically to a testing device apparatus. 
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Lead Line and Bond Pad Interaction 
Lead lines and bondpads can easily create difficulties by contributing to the response of 
the antenna since they are also typically under illumination while the antenna is 
undergoing testing. Electromagnetic proximity effects as well as bolometric effects in the 
lead lines them-selves can degrade the desired performance. Since the main goal of 
this research is in exploitation of phasing effects in antenna arrays and their application 
to beam shifting and beam-forming, any unwanted contribution other than the antenna 
currents at the bolometer will potentially corrupt the phasing effects. Therefore it is vital 
that unwanted contributions from lead lines and bond pads must be minimized. 
 
Lead lines are typically constructed perpendicular to the antenna’s axis. In this case 
illumination of the antenna during testing is done with a polarization which is orthogonal 
to the lead lines, which minimizes their contributions to the measured response. In the 
case of the dual-dipole design in Figure 9 the lead lines extend together in the same 
direction. Fabrication of long parallel lines closely spaced together can become very 
difficult due to proximity effects in the lithography. Additionally, for overall electric 
stability of the device tapering of the lead lines was performed as shown in Figure 10. 
This allows for better current handling capability of the device. The bends in the lines 
were done at 450 stages in order to minimize electromagnetic response co-polarized to 
the antenna, while still allowing for signal extraction. 
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Figure 10 (Left) SEM image of dual-dipole antenna with asymmetric lead lines with 450 




In order to verify phased-antenna response, radiation pattern measurements were 
performed requiring various rotations of the antenna. The antenna was rotated about its 
axis (H-plane cut rotation is about the y-axis and E-plane cut rotation is about the x-axis 
in Figure 10); therefore, as the device rotates the projected area of the device as seen 
by the illuminating source will start include the bond pads in the illumination. Recall that 
the bond pads will have their own bolometric response contributing to the overall 
response if illuminated. This effect is more pronounced depending upon how close the 
bond pads are to the antenna as determined by the length of the lead lines (50 µm in 
Figure 10) . To reduce the effects of the bondpads they were moved out of the 
illumination area. The illumination area (discussed in greater detail in Chapter 4) is 
estimated to be 208 µm. Moving the bondpads out by at least 100 µm to one side of the 
antenna allows for the bolometric effect of the bondpads to be minimized. 
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Figure 11 (A) SEM image of bond pads near antenna. (B) SEM image of bond pads 
extended from the antenna. 
 
 
Symmetric Dipole Design 
In order to verify alignment of testing apparatus (discussed in greater detail in Chapter 
4) used for making radiation pattern measurements, a symmetric single dipole, shown in 
Figure 12, was designed and fabricated. Having a symmetric device with just a single 





Figure 12 (A) Single dipole symmetric design at X15,000 magnification. (B) Single 
dipole asymmetric design at X190 magnification. 
 
Summary 
Several antenna designs were examined for use in order to show the preservation of 
phase with an infrared antenna. The design used utilized co-planar strip waveguides as 
the transmission lines for infrared signal routing. The bond pads were moved far from 
the antenna to mitigate degradation in performance of the desired result of the antenna 
when measuring the radiation patterns. This antenna design will be used in order to 
demonstrate phasing between two dual-dipoles by having a separation distance 
between the dipoles and placement of the bolometer with respect to the antenna. 
Additionally a symmetric dipole design was also developed which is used for alignment 
and testing purposes to help characterize the testing apparatus which is discussed in 
greater detail in Chapter 4.  
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CHAPTER 3 
FABRICATION OF INFRARED ANTENNAS 
E-beam Lithography 
E-beam lithography [11] was carried out with the JEOL 5900 SEM (shown in Figure 13) 
using a LaB6 cathode filament operating at an accelerating voltage of 30 kV.  The SEM 
is outfitted with a single pass interferometer stage and Raith Elphy Quantum [12] 
software was used to manipulate the electron beam. Additional E-beam lithography was 
also performed using a Leica EBPG E-beam lithography system (shown in Figure 14) 
operating at an accelerating voltage of 50kV. 
 
 




Figure 14 Leica EBPG E-beam lithography system 
 
Thin Film Deposition 
Thin film deposition [13] of the Au antenna structure was done using a BOC Edwards 
306 electron-beam evaporation system. Since Au does not adhere directly to Si, a seed 
layer of 10 nm of Ti was used. Using an electron beam gun, Au pellets contained in a 
Tungsten thermodynamic crucible are bombarded with electrons. These collisions 
cause the Au pellets to heat up and under proper vacuum conditions form an evaporant 
that is subsequently deposited onto a sample located above the crucible [14]. The rate 
of evaporation is measured using a piezoelectric device capable of precise 
measurement of the deposited film thickness. Au was deposited at a deposition rate of 
0.8 nm/sec with a beam current of 80 mA and an accelerating voltage of 4.5 kV 
 
Thin film deposition of Ni for the bolometer was performed using ion-plasma assisted 
DC magnetron sputtering using a MRC 8667 Sputtering System. When sputtering under 
 18
vacuum conditions an inert gas is introduced into the chamber causing a discharge of 
Argon ions (Ar+) to be emitted (see Figure 15). The Ar+ bombard a Ni target and 
dislodging Ni atoms from the Ni target, which are subsequently deposited below on the 
sample. DC magnetron sputtering of Ni was completed using an Ar+ plasma with a Ar 
flow rate of 19.8 sccm, chamber pressure of 6.0 mTorr, a DC voltage of 400 V, and a 
power of 2 kW, resulting in a deposition rate of 2 nm/sec. 
 
 
Figure 15 DC magnetron sputtering plasma of Ni 
 
E-Beam Resist 
A positive high resolution bi-layer e-beam sensitive resist was used for the lithography 
of the devices [15]. The bottom layer of P(MMA-MAA) 9% was spin coated at 2000 rpm 
for a thickness of 350 nm and baked for 10 minutes on a hot plate at 180 °C to cure the 
resist. The top layer of 950-K PMMA was spin coated at 3000 rpm for a thickness of 150 
nm and baked for 10 minutes at 180 °C. When the resist is exposed to an e-beam, the 
polymer chains in the PMMA are broken. Once the polymer chains are broken the 
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PMMA can be dissolved by using a developer consisting of a 3:1 mixture of Isopropanol 
and Methyl-isobutyl-kentone (MIBK). By utilizing bi-layer resist, the top layer, PMMA, is 
less sensitive to development compared to the bottom layer, P(MMA-co-MAA). This 
allows the unwanted thin film to be lifted off quite easily with good spatial resolution. 
This is shown schematically in Figure 16. 
 
 
Figure 16 Bi-layer resist 
 
Fabrication of IR Antennas Directly on an Hemispherical Immersion Lens 
The hemispherical lens used is a high resistivity 12.5 kΩ-cm silicon lens with a 10 mm ± 
0.1 mm diameter, a thickness of 5 mm ± 0.1 mm, and has a surface quality of 80/50 
(scratch/dig). In order to perform electron beam lithography on the lens [16], the flat side 
must first be coated with e-beam sensitive resist. To facilitate spinning the 
hemispherical lens a special holder was constructed that held the hemispherical lens in 
place while it was spin-coated, which is shown in Figure 17. A rubber gasket was used 
to form a seal to the outer portion of lens’s convex side which allowed a vacuum to be 
created that kept the lens in place under rotation. The hemispherical lens was then 
coated with bi-layer resist. In order to bake the solvent from the resist, a second special 
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holder was constructed, which is shown in Figure 18. This holder kept the hemispherical 
lens approximately horizontal during the bake process. By only making physical contact 
with the outer portion of lens’s convex side, scratching of the spherical portion of the 




Figure 17 (A) Image of the hot-plate holder for the hemispherical lens. (B) Drawing of 




Figure 18 (A) Image of the hot-plate holder for the hemispherical lens. (B) Drawing of 
the hot-plate holder for the hemispherical lens. 
 
In order to facilitate loading of the hemispherical lens into the electron-beam writer, a 
special chuck, shown in Figure 19, was developed that allowed the hemispherical lens 
to be held securely in place while keeping the flat surface at the correct working 
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distance. A retaining ring was employed to keep the lens secure, level, and to provide 
electrical grounding to prevent charging effects. 
 
 
Figure 19 Image of the hemispherical lens and SEM fixture. 
 
 
The most problematic portion of the hemispherical lens fabrication process was to 
accurately center the fabrication of the antenna on the ball lens at the center of 
curvature. The first attempt at locating the center of the ball lens used the measurement 
of four machined marks in the retaining ring of the holder, seen in Figure 19. Using 
these measurements, the center of the lens was determined by the intersection of two 
lines. The e-beam stage was then driven to this calculated center and the antenna was 
written. The measurement results of the first device fabricated showed that the antenna 
was not directly in the center of the hemispherical lens. The accuracy of antenna 
placement using this method is estimated to be within ±30 µm of the of the lens center. 
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In an attempt to improve antenna placement accuracy an alternate method that did not 
rely on the scribed alignment marks in the retaining ring was used to determine the 
center of the ball lens. The center of the ball lens was determined by measuring and 
determining the coordinates of the top, bottom, and sides of the retaining ring. The 
center of the lens was determined using the geometrical mean between these 
measurements. Unfortunately, this second method of using the inner circumference of 
the retaining ring still did not prove accurate enough to show any increase in gain when 
the antenna was measured. The accuracy of antenna placement using this method is 
estimated to be within ±20 µm of the of the lens center. Since the above calculations 
involved in determining the center of the ball lens relied upon the accuracy of the 
machined inner circle of the retaining ring, it was thought that removal of the ring as a 
reference in the measurements would eliminate centering inaccuracies. Therefore, the 
next attempt at finding the center of the lens was attempted without the retaining ring in 
place. This approach using the measurements of the actual top, bottom, and sides of 
the hemispherical lens was used in place of the retaining ring measurements to 
determine the center of the lens and resulted in better accuracy. The accuracy of 
antenna placement using this method is estimated to be within ±10 µm of the of the lens 
center.  
 
Once the center position of the ball lens was determined, the resist was patterned using 
the modified JEOL 5900 SEM. The antenna and the lead lines were exposed as areas 
in a 100 × 100 µm writefield with an area dose of 100 µAs/cm2 (beam current is given in 
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units of amps, dwell time in units of seconds, and writefield size in units of cm2), 3 µs of 
dwell time, area step size of 0.003052 µm, and an exposure current of 56 pA. The 
bondpads were then exposed in a 700×700 µm writefield with an area dose of 100 
µAs/cm2, 3 µs of dwell time, area step size of 0.032043 µm, and an exposure current of 
650 pA. Following the exposure, the resist was then developed for 60 s in a 1:3 mixture 
of methylisobutylketone: isopropanol. 
 
 
Figure 20 Image of the hemispherical lens and evaporator holder. 
 
 
In order to perform metal deposition for the antenna, a special mounting apparatus to 
invert and suspend the hemispherical lens in an evaporation system was designed, as 
shown in Figure 20. The holder was constructed of brass in order to provide a good 
conduction path to the actively water-cooled block already in place in the evaporator. A 
150 nm layer of Au was evaporated onto the patterned resist. The hemispherical lens 
was then placed into methelyne chloride and ultrasonic agitation was used to remove 
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the remaining resist and excess metal. The hemispherical lens was cleaned and the 
process above repeated for the patterning of the bolometer. A 100 nm layer of sputtered 
Ni was used as the bolometer material. A lift-off procedure was again used to remove 
the remaining resist and excess metal. This fabrication process is shown in Figure 21. 
Fabrication of devices on planar substrates follows along this same process. 
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Figure 21 Typical Fabrication Process 
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Proximity Effect 
When patterning fine line widths close to one another a problem can easily arise that is 
referred to as the proximity effect.  The proximity effect is caused when the electrons 
used to expose the resist bleed over into adjacent features [17]. This can have several 
effects such as enlarging the exposure or causing a weak wall separation between the 
features. This weakening of the separation wall allows for its displacement and in the 
case of features of desired parallel lines the result is a curvature in the lines. This is 




Figure 22 Proximity effect 
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The severity of the proximity effect is inversely proportional to the acceleration voltage 
of the e-beam since higher energy electrons will have a tendency to scatter less. 
Therefore, the effect is more pronounced with a 30 kV system such as the modified 
JEOL SEM used for most of the fabrication as opposed to the Leica e-beam lithography 
tool which has an operating accelerating voltage of 50-100 kV. Since the majority of the 
fabrication was carried out at 30 kV it became imperative to find a solution to the 
proximity effect. Multiple solutions were investigated during the time frame of this 
research. Possible solutions included changing and testing different types of resists 
such as ZEP [18] or changing the molecular weight of the PMMA used. Different dose 
factors were applied along with different step sizes, dwell times, and beam currents. 
None of these methods of investigation provided a consistent solution. The final solution 
came in recognizing that while the proximity effect could not be prevented it could be 
taken into account and utilized in the exposure. By under sizing the elements (lines) 
where the proximity effect was causing the problems (between the dipoles) and by 
slightly reducing the dose factor the proximity effect actually helped complete the 
correct exposure that is needed to provide the desired linewidth of 200 nm. An example 







Figure 23 Correction of the proximity effect in the dual-dipole 
 
This solution provides consistent results. The two resultant patterns in Figure 23 were 
written in the same write field of the same exposure to demonstrate the solution as 
shown in Figure 24. While the antenna structure on the right was written as normal and 
displays the proximity effect, the antenna structures on the left were both written using 
the prescribed method above for compensating for the proximity effect. 
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The fabrication of the infrared antennas used in this research was discussed in great 
detail above. Standard techniques were used for most fabrication with the exception of 
direct fabrication on the immersion lens which required some unique holding and 




MEASUREMENTS OF INFRARED ANTENNAS 
Performance Specifications 
Antenna-coupled micro-bolometers can be characterized by their radiation patterns. 
Balanis [19] defines the radiation pattern as “a mathmatical finction or a graphical 
representation of the radiation properties of the antenna as a function of space 
coordinates. In most cases, the radiation pattern is determined in the far field region and 
is represented as a function of the directional coordinates. Radiation properties include 
power flux density, radiation intensity, field strength, directivity phase or polarization.” 
For the purposes of this research the coordinate system is defined as shown graphically 
in Figure 25. Measurement of the received power at a constant radius is referred to as 
the antenna power radiation pattern. Measuring the electric (or magnetic) field along a 
constant radius is referred to as the amplitude field radiation pattern. The principal 
patterns of concern are the E-plane and H-plane patterns. The E-plane pattern is the 
plane that contains the electric field vector while the H-plane pattern is the magnetic 
field vector. Figure 26 illustrates E-plane (power vs. angle φ ) and H-plane (power vs. 
angle θ ) power radiation patterns for a linear dipole antenna in air. Antenna 
measurements contained within this research are performed by measuring the voltage 



























Figure 26 Example power patterns of E-plane and H-plane measurements for a half-
wave dipole in air 
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Figure 27 Example 3-D power patterns of a half-wave dipole in air 
 
Test Set Up 
Measuring the antenna-coupled micro-bolometer’s angular response pattern is not as 
straight forward as measuring radiation patterns of their counterpart antennas in the RF 
domain. The receiving properties of RF antennas are typically measured by placing the 
antenna in a plane-wave electromagnetic field inside an anechoic chamber to minimize 
noise and retro-reflections and by then rotating the antenna accordingly to obtain H-
plane and E-plane radiation patterns [20]. The illumination source commonly used for 
infrared antennas is a CO2 laser which is tuned for 10.6µm radiation. In order to have a 
measurable response an infrared antenna would require a very high power density in 
collimated space. This would put an unreasonable demand on the power output of the 
illuminating laser. Also, fabrication of infrared antennas is completed in 2D. This means 
that the readout circuitry from the antenna, the lead lines, and the bond pads used to 
measure the device could easily fall into the collimated space and produce unwanted 
response. To circumvent these issues the Gaussian laser beam is focused to an 
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approximately diffraction limited spot. The antenna is then positioned within the laser 
spot allowing for measurements of the angular response pattern.  
 
The test set up shown in Figure 29 was utilized in the measurements. A CO2 laser was 
used as the source of illumination. A wire grid polarizer was used in conjunction with a 
half-wave plate in order to control the direction of linear polarization of the radiation. In 
order to check that the polarization was co-polarized to the antenna a second half-wave 
plate was used in conjunction with a laser power meter. Aligning the second half-wave 
plate so that its transmission axis was oriented co-polarized to the antenna the power 
meter was placed directly behind the polarizer to measure the incoming illumination to 
the antenna. The half wave plate in the test setup was rotated in order to maximize the 
signal on the power meter ensuring that the polarization state of the Gaussian laser 








Figure 28 Polarization state of the incoming illumination 
 
 
An afocal system was used for beam expansion and an F/8 optical system was used to 
focus the laser. All optical elements were made from ZnSe which was chosen for its 
high transmission properties at this wavelength. The use of a high F/# system serves to 
reduce the convolution of the beam focus cone with the angular antenna pattern. A 
mechanical chopper was used to modulate the laser at 2.5 kHz. The antenna is typically 
biased at 100 mV DC by an isolated DC power supply. A lock-in amplifier was used in 
conjunction with a computer using LABVIEW to record the output signal of the device. 
The antenna was mounted in a 5-axis goniometer which was used to place the antenna 
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at the focus of the laser and allowed the antenna to rotate in azimuth and elevation. A 
reference detector was used to monitor the laser power fluctuations. This data was 
recorded at the same time the output signal from the bolometer was being recorded. 
This allows for post normalization to occur, thus removing any power fluctuations of the 
laser from the measurement data. A visible HeNe laser (λ = 632nm) was co-aligned to 
the infrared laser beam in order to aid in performing initial alignment. 
 
 
Figure 29 Experimental Test Set Up 
 
Goniometer 
A unique 5 axis goniometer as shown in Figure 30 was designed and developed for the 
purposes of making IR antenna measurements. The two axes of the goniometer consist 
of the angular rotations about azimuth (H-plane) and elevation (E-plane). Each 
movement was independently controlled and driven by a 200-step motor providing a 
resolution of 0.010. Due to the physical constraints of the structure of the goniometer 
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and associated test equipment, rotation measurements ranged ±700. The inner stage 
consists of a 3 axis translation mechanism, which provides a means to align the 
antenna from broadside to the center of rotation of the goniometer. The position 
resolution is 0.5 µm, the range of travel of the X and Y movements is ±5 mm, and ±2.5 
mm for the Z movement. 
 
Figure 30 Five-axis goniometer 
 
Alignment 
The alignment procedure takes place in several stages. The goniometer was mounted 
to a three axis nano-mover stage. This allowed for the goniometer to be positioned so 
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that it could rotate in azimuth and elevation about the focal point of the laser. A rough 
alignment is first performed for this portion. A feedback and iterative process is used for 
the final-fine tune alignment using a symmetric dipole antenna such as was shown in 
Figure 12. Dipole properties on the air-side are fairly well-known and have a broadside 
maximum in radiation pattern; and with the symmetric design it will have a 
corresponding symmetric radiation pattern. The dipole antenna was placed into the 
goniometer and was positioned using the x and y stepper motors until a maximum 
output signal was obtained. This indicated that the antenna was in the center of the 
laser beam. The goniometer was then rotated in azimuth to + 450. The Z axis was then 
moved in order to bring the antenna back to the center of the laser beam. The 
goniometer was then rotated in azimuth to - 450, while the z axis was moved in either 
direction to ensure that the signal level dropped as movement in either ± z direction 
occurred. If movement in either z direction resulted in an increase in signal level this 
indicated that the goniometer was not rotating in azimuth about the focus of the laser. In 
order to remedy this misalignment, the amount of travel ∆z was noted and then the z 
axis was moved to the mid point of ∆z. Using the x axis of the nanomover stage the 
maximum signal output from the bolometer was obtained as the x position was 
translated. The goniometer stage was then rotated in azimuth back to 00. The x and y 
axis of the inner stage of the goniometer was repositioned again in order to once again 
obtain maximum signal from the antenna. This process was repeated until at both the ± 
450 locations in azimuth movement in the ± z axis of the goniometer resulted in a 
reduction of signal level. This entire process was then repeated for the elevation axis of 
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the goniometer. Once the goniometer was aligned to rotate about the laser focus, then 
measuring new devices only required movement of the inner stage of the goniometer 
stages x,y, and z axis to place the antenna at the focus of the laser beam. Back 
reflection alignment techniques were used to ensure that the antenna substrate was 
normal to the incoming HeNe laser which was co-aligned to the CO2 laser.  
 
Radiation Pattern Measurements 
With the alignment of the goniometer, the antenna E-plane and H-plane radiation 
patterns were measurable for the symmetric dipole antenna. Measurement data was 
taken from 2900 to 700 in 0.70 increments for both the H-plane and E-plane and are 



















































Figure 32 E-Plane power radiation measurements for a symmetric single dipole 
 
 
For antenna on an infrared transparent dielectric substrate, the angular response from 
either the air-side or the substrate-side as shown in Figure 33 can be measured [21]. 
 
 
Figure 33 Description of planar substrate measurement 
 
 
This simple configuration is not optimum for either measurement. For the air-side 
illumination there are reflections from the back surface of the substrate which is 
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problematic with a highly coherent source such as a laser. In the case of substrate-side 
illumination there is also refraction and subsequent beam narrowing. Using electrically 
thick substrates (350 µm), substrate modes can be excited in both cases. Techniques 
such as sandblasting the back side of the substrate can serve to reduce the spatial 
coherence of back reflections. 
 
For the situation of an antenna on an IR-transparent dielectric immersion lens substrate 
the angular response can be measured from either the air-side or the substrate-side. By 
placing the antenna at the center of curvature of the immersion lens, refraction is 
avoided at the curved surface since incoming radiation focused on the antenna will be 
normal to the surface [22]. There are still back reflections in this case, which we will 
consider in detail in Chapter 6. 
 
Figure 34 Description of immersion lens measurement 
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Summary 
The performance specifications for antenna-coupled micro bolometers were discussed. 
The power radiation patterns of the H-plane and E-plane cuts were defined and 
examples were given for a half-wave dipole in air. The measured power radiation 
pattern of the H-plane cut which is done by measuring the voltage across the bolometer 
as a function of angle with a constant input laser power will be used as a way of 
demonstrating phase preservation in the infrared dual-dipole antenna elements.  
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CHAPTER 5 
PLANAR SUBSTRATE ILLUMINATION 
Motivation 
As will be discussed in greater detail in Chapter 6, fabrication of the antenna at the 
center of the flat side of an immersion lens is the preferred approach. This means of 
fabrication allows for better measurement by having lower reflection loss at the 
interface, reduction of substrate modes and angular-pattern narrowing by total internal 
reflection. In attempting to couple a lens to a planar substrate it is difficult to make 
optical contact between a planar substrate and an immersion lens (air-gap losses). Also 
alignment issues are difficult particularly at this scale to ensure that the antenna is at the 
center of the immersion lens. However, the direct fabrication approach is not as 
convenient as planar substrate processing. Special holders are required and, as 
opposed to writing many devices over a single 3-inch wafer, only one device can be 
written on each single lens. If the fabrication fails the lens will have to be reclaimed by 
involving etching techniques to remove the various thin film materials. An approach for 
using planar substrates was investigated in order to determine if fabrication could be 
simplified by using planar substrates in order to test phased infrared antennas. 
 
Substrate Modes 
One of the difficulties when using planar substrates and measuring radiation patterns is 
the generation of substrate modes [23] which will degrade the angular data. In order to 
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understand substrate mode generation in this case it is convenient to use reciprocity 
and picture the antenna transmitting as shown in Figure 35. The rays leaving the 
antenna inside the substrate will partially reflect at the Si-air boundary. If the incidence 













Figure 35 Generation of substrate modes on a planar substrate 
 
 
This not only results in overall antenna power loss, but the substrate modes will also 
show up in the radiation pattern measurements in the form of multiple lobes (spikes) as 
can be seen in Figure 36 and Figure 37. Since the main goal of this research is to show 
phasing effects using dual-dipole antennas, any subtle shifting that may occur could be 
lost in the radiation pattern measurement due to spikes from the substrate modes. 
 
Measurements of air-side and substrate-side illumination were performed for H-plane 
and E-plane radiation patterns as shown in Figure 36 and Figure 37. These were 
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obtained for a planar Si substrate with a smooth back surface with a single symmetric 












































































Figure 37 E-Plane measurement for a symmetric dipole on a planar substrate 
 
 
Comparing these results it can easily be seen that substrate mode generation is 
showing up as spikes in the radiation pattern. It is also observed that between the air-
side measurements and the substrate-side measurements a broadening occurs on 
substrate-side due to the narrowing of the beam from the substrate. 
 
Back-Side-Roughened Planar Substrate 
One technique that was used in an attempt to reduce the substrate mode generation is 
roughening of the back side of the planar substrate. This is done in order to break up 
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the coherence of the reflected rays at the Si-air interface. This is illustrated in Figure 38 
with comparison to a smooth-back planar substrate surface. 
 
Figure 38 Technique used in order to prevent substrate mode generation 
 
 
A planar substrate containing a single symmetric dipole antenna was roughened on the 
back side and radiation patterns for both the H-pane and E-plane were measured. 
These patterns are compared with radiation patterns measured for the same antenna 
design residing on a Si immersion lens as shown in Figure 39 and Figure 40. Since air-
side illumination is performed, the rays that pass into the dielectric are now incident on a 
curved surface rather than a flat surface in the case of the planar substrate. This curved 
surface presents a uniform separation between the antenna and the back side as the 
antenna is rotated for radiation pattern measurement. This technique allowed the 
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Figure 39 H-Plane air-side illumination comparison for a single symmetric dipole on a 
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Figure 40 E-Plane air-side illumination comparison for a single symmetric dipole on a 
substrate with a roughened back and on an immersion lens. 
 
 
A comparison of these radiation patterns reveals that there are still interference effects 
in the roughened back situation, but they have been somewhat more randomized. It is 
important to recognize that the antenna is more sensitive to radiation coming back from 
the substrate-side of the interface (discussed in greater detail in Chapter 6) and thus the 
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back reflections are very important, even if the reflections are of lower power than the 
direct air-side illumination incident radiation. 
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CHAPTER 6 
AIR-SIDE VS. SUBSTRATE-SIDE ILLUMINATION 
Introduction 
Infrared antenna-coupled microbolometers are typically fabricated on planar dielectric 
substrates. Device excitation can be provided by either air-side or substrate-side 
illumination [24]. Previous literature indicates that substrate-side illumination is the 
preferred method since an antenna on a dielectric will radiate preferentially into the 
dielectric half space [25]. Problems such as reflection losses, a narrower cone angle, 
and power loss to generation of substrate modes arise when substrate-side illumination 
is utilized. In order to eliminate or mitigate these problems an immersion lens is used 
[23, 26]. Due to its material properties [27] a Si immersion lens is chosen for its high 
transmission in the infrared as well as its compatibility with fabrication processes. A 
straightforward approach in using an immersion lens would be to place the lens directly 
in contact with the planar substrate, effectively sandwiching the antenna between the 
two media.  Not withstanding its applicability in the millimeter wave and terahertz range 
[28, 29], this approach allows for air gaps that give rise to reflections at infrared 
wavelengths.  Index matching fluid is not readily available at the prescribed index nSi = 
3.4. Additionally, alignment between the center of the lens and the antenna becomes 
very difficult at these scales due to the typical antenna dimensions which are on the 
order of a wavelength (λ = 10.6µm). To avoid these problems the antenna is fabricated 
directly on the flat side of an immersion lens [16]. This eliminates air-gap issues and the 
centering of the antenna can be done very accurately during the fabrication process. 
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S , where  and  represent broadside power radiated into half-
spaces of permittivity 
1S 2S
1ε  and 2ε , respectively, indicating preferential radiation into the 
medium of higher refractive index. If Si is used as substrate material having air as the 
surrounding media, then for 2ε = siε  = 11.7 and 1ε = airε  = 1 the response from 
substrate-side illumination would be 40 times that of air-side illumination. Two cases are 
considered a dipole residing on the boundary between an air/Si half-space, and an 
antenna on the flat side surface of a 5 mm-radius hemispherical Si lens.  A theoretical 
formulation is presented in later in this chapter to predict broadside power division for 
lens-side versus air-side illumination accounting for the finite extent of the lens. Then, 
measured patterns from a dipole antenna on a Si lens at 10.6 µm are presented and 
compared to broadside power division predictions.  
 
Formulation 
A dipole residing on the flat surface of a high resistivity Si ball lens is considered. The 
purpose is to determine the angular response for air-side and lens-side illumination. The 
formulation begins by considering the dipole on an interface separating two half-spaces, 
one of air and the other Si [30, 31]. Details of this half-space formulation are provided, 
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and then adjusted, in order to account for the finite extent of the ball lens such that the 
broadside power division ratio is predicted.  
 
Half-space Problem 
First, we consider a dipole residing on the boundary between Si and air half-spaces. 
This formulation follows that of Rutledge [23], by invoking reciprocity along with 
boundary conditions at the Si/air interface in order to formulate the transmitted antenna 
pattern on each side. Through reciprocity the receiving patterns are similar. 
 
Lorentz’s theorem of reciprocity is given by 
 
      
( ) ( ) '122121121221 sdHEHEVdMHJEMHJE
SV
⋅×−×−=′⋅−⋅−⋅+⋅ ∫∫  (2)
 
where surface S encloses volume V, including inhomogeneous media. Let 1J , 1M , 1E, 
and 1H represent the currents and fields of the dipole residing on the interface, while  
2J , 2M , 2E , and 2H correspond to a test dipole.  Applying reciprocity over all space by 
considering a sphere of infinite radius, the surface integral of Equation (2) vanishes, and 
with no magnetic sources, 1M = 2M =0, we are left with  
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( ) ( ) VdJEVdJE
VV
′⋅=′⋅ ∫∫ 1221  (3)
 
An ideal dipole carrying current produces field  at the location of the test dipole . 
In turn,  produces at the location of . As shown in Figure 41, is the dipole on the 
air/dielectric interface and is located in either the air or dielectric region. Treating as 
a test dipole, we will first place it in the air half-space, then in the dielectric, to consider 
the patterns from  in the two material half-spaces.  If we let = =
1I 1E 2I
2I 2E 1I 1I
2I 2I
1I 1I 2I I , then we have 
 
      
( ) ( ) VdIEVdIE
V
′⋅=′⋅ ∫∫ 21  (4)
 
Therefore 1E = 2E . If we can calculate the field E2 at the location of I1, then we know the 















Figure 41 Half-Space Problem Representation. 
 
Consider two semi-infinite regions, 1 and 2, with index of refraction n1 and n2, 
respectively, and permeability µ1= µ2= µ0, separated by a boundary. The fields on the 
two sides of the boundary are related through amplitude reflection and transmission 
coefficients, and , respectively. The electric fields are represented by ⊥r ⊥t
 


















and magnetic fields by 
 
















where subscripts, i, r, and t represent incident, reflected, and transmitted, respectively 
[32]. Enforcing continuity of tangential components of electric and magnetic fields 
produces the following relations [33]. 
 
      
⊥⊥ =+ tr1  (11)
 









We consider the dipole H-plane in detail noting that the E-plane formulation is similar. In 
the case of the dipole H-plane radiation, the field E2 at I1 is the product of the TE 
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transmission coefficient and the incident field from I2, E⊥t inc, where  represents the 
amplitude transmission coefficient from region 1 to region 2. 
⊥t
 












First, consider the test dipole, I2, located in the air region. The electric field E2 is then 
related to the transmission from air to the Si half-space such that , , and 
θ
airnn =1 Sinn =2
1 and θ2 are the incident angle in air and refracted angle in the Si, respectively. The 
amplitude transmission coefficient is 
 






























Since E⊥t inc = E2 and by reciprocity E1 = E2, the time-average power density in the air 
half-space (location of I2) is given by 
 









































Now, consider the test dipole in the Si region. Here we are interested in transmission 
from Si to air. Therefore, , Sinn =1 airnn =2 , and θ1 and θ2 are incident angles in Si and 
refracted angles in air, respectively. Here the transmission coefficient is 
 



























Therefore, the time-average power density in the Si half-space (location of I2) is given 
by 
 



























































, where  and  represent broadside power radiated into 
half-spaces of permittivity 
1S 2S
1ε  and 2ε , respectively, indicating preferential radiation into 
the medium of higher refractive index. To verify this relationship using the derived half-
space powers for the air side and substrate-side the broadside gain can be written as  












Using Equations (17) and (21) in Equation (22) 



































































For broadside and therefore  and simplifying Equation (23) 00== ri θθ 1)0cos(
0 =
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incE  then 
 


































Using the relative permittivities SiSiin ε= and airairn ε=  
 









































Which is equivalent to above stated condition as 
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Immersion Lens: Broadside Power  
The problem of interest is a dipole antenna on the backside of an immersion Si lens at 
the center of curvature of radius a as depicted in Figure 42. Two cases are considered; 
lens side and air-side illumination. In both cases the incident field has magnitude E0. For 
lens-side illumination, the wave impinges from air onto the front (curved surface) of the 
lens. The transmitted field traverses the lens and interacts with the antenna at the back 
side of the lens. For air-side illumination a wave is incident directly onto the back (flat 
surface) of the lens where the antenna resides.  We extend the formulation of the 
previous section to calculate radiated power densities above and below the lens. By 
reciprocity this predicts the relative response of an antenna-coupled square-law sensor 














Figure 42 Immersion lens configuration. 
 
The half-space formulation must first be altered to account for the reduced field 
transmitted through the air/Si boundary at the curved surface of the lens. For a ball-lens 
configuration, the power density in the Si will be reduced by Fresnel reflection at the 
curved air/Si surface. It is noted that the incident field on the surface of the lens is at 
normal incidence since the antenna is at the center of curvature of the lens and, 
therefore, no refraction will take place at this boundary. Referring to Figure 42, consider 
a field E0 incident upon the lens. The fields E1 and E2 are related to E0 through  
 
      





      
 ajaj eEtteEtE ββ −⊥⊥
−
⊥ == 001121122 (30)
 
where the broadside ( 0=iθ ) reflection and transmission coefficients for propagation 
from region i to region j are given by  
 









      
ijij rt ⊥⊥ += 1  (32)
 
The field that reaches the antenna is the incident field multiplied by the transmission 
coefficient,  and shifted in phase consistent with the path length through the lens.  
Therefore, going back to the half-space formulation, we can account for field reduction 




Equation (16) and Equation (20) may be written as 
 







S airair  (33)
 









S SiSi  (34)
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However, here SSi is the time average power density in the Si lens. In order to compute 
power radiated into the air region outside the lens we must again account for Fresnel 
reflections, this time as the wave exits the curved lens surface. The power density in the 
lens, given by Equation (34), is related to the power in the air above the lens, Slens, by 
 








10 )1( ⊥⊥ =−=  (35)
 
Equations (33), (34), and (35) give a broadside power density ratio 



































Recall that , , and 120 === airnnn lensnn =1 θθθθ === air20  which for broadside . 
Therefore 
00=θ
1cos =θ  and rewriting Equation (37) as 
































Rewriting in terms of lens relative permittivity lenslensn ε=  gives 
 















For a silicon lens εlens = 11.7, Equation (39) gives a power density ratio 7.5=air
lens
S
S for a 
single pass through a Si lens with no absorption loss. 
 
Accounting for multiple reflections in the lens, still ignoring absorption losses, the 
transmission coefficient  may be expressed in terms of intrinsic reflection 
coefficients at each interface. 
1210 ⊥⊥ = tt
      
121210 1 ⊥⊥⊥ +== rtt  (40)
 























Loss is included by replacing βj  with complex propagation constant βαγ j+= , where 
attenuation constant α  has units Np/m, phase constant β  has units rad/m giving 
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11 L  (43)
 
Convergence of the geometric series in Equation (41) is shown in Figure 43 for varied 
lens material loss. As loss increases, the power ratio between air-side and lens-side 
remains nearer to the single-pass value of 5.7, due to field attenuation with each pass 
through the lens.  The lens-side to air-side broadside power division for the 5 mm lens 
considered in this work converges to a value 4.3. This value is dependent upon the lens 
radius, as shown in Figure 44. Reflection phase combinations give a range of values 
about the single-pass value of 5.7 that vary between 4.1 and 10.3 as a function of lens 


























Figure 43 Broadside power ratio of lens-side to air-side illumination on a 5mm 
hemispherical Si lens as a function of number of reflections at the lens surface for 
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Figure 44 Broadside power ratio of lens-side to air-side illumination on a hemispherical 
Si lens as a function of lens radius for varied absorption coefficient. 
 
 
In order to determine the amount of absorption an immersion lens was polished flat to 
an approximate thickness of 2.5 mm and transmission properties were measured using 
an IR ellipsometer. The real and imaginary index of refraction measured at 10.6 µm are 
n = 3.4193 and k = 2.25x10-6. Calculating the absorption coefficient α as, 






we obtain α = 2.67 Np/m-1.  
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Using Beer’s law to calculate the intensity loss through the lens as 







with an immersion lens thickness (radius) of 5mm resulting in a negligible loss of 1.3% 
in intensity. 
 
Predicted power density ratio between lens-side and air-side illumination is 4.3 for a 5 
mm hemispherical Si lens, varying between 4.1 and 10.3 as a function of lens radius. 
These values are much less than the factor of 40 predicted by the half-space 2
3
rε  
variation due to Fresnel reflections at the lens surface. Figure 45 is a comparison 
between the half-space broadside power division ratio and that for a single-pass 
through the 5 mm hemispherical Si lens as a function of lens relative permittivity. 
Whereas the broadside power radiated into a half-space continues to increase as  2
3
rε  
the lens configuration produces diminishing returns for further increase in lens 
permittivity due to Fresnel reflections. Assuming an ideal AR coating on the curved 
surface of the lens, the power division ratio goes as the relative permittivity of the 
lens, rε , with a value of 11.7 for a Si lens.  Furthermore, an AR coating removes the 
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Figure 45 Power ratio of half-space formulation and 5 mm hemispherical Si lens as a 
function of dielectric relative permittivity. 
 
Experimental Results: Patterns 
In order to obtain experimental data a single dipole antenna was fabricated at the center 
on the flat side of a high resistivity Si immersion lens as shown in Figure 46. The 
antenna was designed to be resonant for 10.6 µm radiation. The material of the antenna 
is gold (Au) of 150 nm thickness. A Ni microbolometer of 100 nm thickness is placed at 
the antenna feed point and the signal is read out with Au lead lines.  
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Figure 46 Dipole antenna on Si immersion lens. 
 
The lead lines are routed perpendicular to the antenna to reduce effects of the lead 
lines picking up the incident radiation since the incoming polarization is co-polarized to 
the antenna. Measurements were taken as described in Chapter 4. 
 
Radiation patterns were measured for the H-Plane and E-Plane cuts for both substrate-
side and air-side illumination which are plotted with the theoretical patterns derived in 
the Formulation Section above and are shown in Figure 47 and Figure 48. It is noted 












HH norm =  for clarity and at broadside (0
0) the response of the H-plane equals that 
of the E-plane ( 00 900 )()( == = φθ φθ EH ). The general shape of the patterns agrees with 
previous modeling results obtained. However, the air-side vs. substrate-side broadside 
response for the measured devices ranged from 4-5 as opposed to the gain factor of 40 
















































































Figure 48 Immersion lens E-plane radiation patterns. 
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Summary 
The air-side and substrate-side response of a dipole antenna on a Si immersion lens 
has been theoretically and experimentally investigated at λ=10.6 µm. Theoretical 
formulation, starting with half-space media then including the finite lens radius, was 
presented. While the half-space formulation presents the angular variation of 
normalized patterns, of particular interest is the available broadside power gain which 
results from illumination through the Si lens. Factors ranging between 4-10 
improvements by lens-side illumination as a function of Si lens radius over air-side 
illumination, with a value 4.3 for lens radius 5mm are predicted. Theoretical predictions 
and measurements of angular patterns and broadside power division ratio between 
lens-side and air-side illumination at 10.6 µm were presented with excellent agreement 
for a 5 mm hemispherical Si lens.  
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CHAPTER 7 
MUTUAL COHERENCE MEASUREMENT USING DUAL-DIPOLES 
 
Introduction 
In this chapter the use of an dual-dipole antenna-coupled microbolometer is used to 
directly measure the mutual intensity function [34-36] of a spatially incoherent infrared 
scene. The success of this measurement not only relies on phase information being 
preserved on the dual-dipole, but also suggests the possibility of imaging at infrared 
wavelengths based on the Van Cittert-Zernike theorem, which shows that the mutual 
intensity of the field from an initially incoherent source is proportional to the two 
dimensional Fourier transform of the intensity distribution of the object [34-36] Radio 
astronomers have long used this technique at microwave frequencies [37], where 
measurement, recording, and temporal synchronization equipment allow widely 
separated observatories to measure the complex field arriving at each antenna from the 
object of interest, and save this information for later use. The required computations 
consist of synchronizing the data, computing cross correlations between the fields 
recorded at all of the observatories participating in the measurement, and arranging this 
data properly in the Fourier domain (often referred to as ( )yx ff ,  space by radio 
astronomers). Reconstructing images from this data essentially involves computing the 
inverse Fourier transform of the ( )yx ff ,  space data in conjunction with some kind of 
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weighting scheme required due to the sparsity of the measurements in ( )yx ff ,  space 
[37]. 
 
The Van Cittert-Zernike theorem is also valid at optical frequencies. However, using 
light detection devices sensitive to the intensity associated with the incident field 
eliminates the required phase information from the measurements, and the signal-to-
noise ratio considerations for heterodyne detection of incoherent radiation are very 
unfavorable [38]. As a result, using the Van Cittert-Zernike theorem to image at optical 
frequencies presently requires complicated and expensive beam splitting and combining 
hardware to display the required cross-correlations as fringe patterns on intensity-
sensing detectors [39]. 
 
An experiment was designed to measure the mutual coherence function of an 
incoherent field using a pair of dipole antennas connected by coplanar strip 
transmission line to a bolometer centrally located between the two antennas [3, 40]. The 
bolometer output is sensitive to the modulus squared of the sum of the two fields 
arriving from the transmission lines. Hence, the output is proportional to the mutual 
intensity function of the field falling on the antenna pair at the ( )yx ff ,  space component 
defined by the vector separation of the antennas, the wavelength, and the distance 
between the object and the plane containing the antenna pair [34-36]. Our central 
motivation for examining this technology is to determine if remote sensing systems 
made from large arrays of these devices may be feasible in the future. The potential 
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advantages of this technology include the fact that dipole antenna arrays could 
potentially be made in much larger effective sizes than practical glass mirror designs 
allow, enabling better resolution, albeit at the expense of requiring post detection 
processing to recover images from the pupil plane measurements.  As presently 
envisioned, dipole antenna arrays would also likely be lighter than a similarly sized 
conventional mirror, and with proper signal processing, dipole antenna arrays could 
have a larger field of view for a given aperture size than the competing glass lens 
design.  
 
A pair of Au dipole antennas is shown in Figure 49. As indicated in Figure 49, the dipole 
antennas are connected to a common micro-bolometer using two-wire coplanar strip 
transmission lines [10] to experimentally demonstrate phase preservation and array 
properties. The bolometer outputs a voltage that is a function of the sum of the power 
collected by both antennas, which is a bias term, added to a term proportional to the 




Figure 49. SEM image of a dual-dipole infrared antenna used for the mutual coherence 
experiment with physical separation between the dipoles of 2.4 µm 
 
In this chapter the first experiment known of to demonstrate the measurement of the 
mutual intensity of the source using a pair of dual-dipole antennas is presented. The 
measurements are shown to agree well with the theoretical prediction of the 
performance. As a result, the basic feasibility of synthetic-aperture infrared imaging 
using the Van Cittert-Zernike theorem has been established. Significant technical 
challenges must be overcome to realize synthetic aperture imaging with dual-dipole 
antenna arrays. Perhaps the most crucial of these technical challenges relates to losses 
that occur in the infrared transmission lines connecting the antennas to the bolometer. 
Research has begun in this area [41]; however, the losses in the coplanar strip lines are 
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sufficiently strong enough that the geometries and numbers of dipoles which can 
presently be envisioned is quite limited. There are other configurations such as infrared 
microstrip lines for which the losses appear to be more favorable.  
 
Imaging Based on the Van Cittert-Zernike Theorem 
The Van Cittert-Zernike theorem demonstrates that under certain geometrical conditions 
a Fourier transform relationship exists between the mutual intensity  of a 
quasimonochromatic, spatially incoherent source and the spatial intensity distribution of 
the source
( )2211 ,;, yxyxJ
( )ηξ ,I  [34-36]. The mutual intensity is the cross correlation of the 
quasimonochromatic field from the source falling on the measurement plane at the 
locations given by the coordinates ( )11, yx  and ( )22 , yx .  The Van Cittert-Zernike 
theorem is given by 
 





















222;11 ),(),;,(  (46)
 
where κ is a constant, ψ is a quadratic phase factor, ( )12 xxx −=∆ , and ( )12 yyy −=∆ , 
represent the vector separation of the points at which the field is sampled, λ  is the 
mean wavelength, and ξ ,η are coordinates in the object plane.  In words, Equation (46) 
can be stated as follows:  the mutual intensity of an incoherent source is proportional to 
the two dimensional Fourier transform of the intensity distribution of the object evaluated 
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= , . The geometrical conditions relating the 
source and observation planes required for the Van Cittert-Zernike theorem are [36]: (i) 
the maximum extent of the source and the region over which the observation points 
 and  are allowed to vary must be much smaller than the distance  
between the source and the observation plane; and (ii) only small angles are involved. A 
normalized form of the mutual intensity, referred to as the complex coherence factor 
( 11, yx ) )
)
( 22 , yx z
( 2211 ,;, yxyxµ , is generally used to analyze performance since ( )2211 ,;, yxyxµ  equals 
the visibility V  of the interference fringe arising from the squared modulus of the sum of 
the fields at  and .  The formal relationship between , ( 1 ), y )
2211 ,;, yxyx
1x ( 22 , yx ( )2211 ,;, yxyxJ
( )µ , and V  are thus given by 
 
      







yxyx =µ  (47)
 
      
( )2211 ,;, yxyxV µ=  (48)
 
The Van Cittert-Zernike theorem written in terms of the complex coherence factor is 
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,;, 2211  (49)
 
ψ  is a quadratic phase term given by 
 
      
( ) ( )[ ]21212222 yxyxz +−+= λ
πψ  (50)
 
It should be noted that if  is sufficiently large, and the maximum distances of the 
observation points from the axis of the system are sufficiently small, 
z
ψ  is quite small 
and can be neglected. 
 
For the case of the source being an on-axis, incoherent, uniformly bright circular source 
of radius represented by  the theoretical calculation of the complex coherence has 
been presented elsewhere [36]. The result of this analysis is 
a
 






















where  is the dipole separation. An experiment was designed to demonstrate that D
( )Dµ  can be directly measured in the infrared with the dual-dipole antenna and 
bolometer system. 
 
As will be discussed in greater detail below, if the source has a Gaussian distribution, 
the modulus of the coherence factor also shows Gaussian dependence with the 
variables of the problem. 
 
Experiment 
A schematic drawing of the experimental system is shown in Figure 50. The experiment 
was designed to allow the radius of the illuminated disk, represented by  in Equation 
(51), to be varied in a controlled manner, allowing easy comparison between theory and 
experiment. Note that an actual sensing system based on this technology would 
measure 
a
( )Dµ  over a wide range of antenna spacings . However, it should be noted 
that inspection of Equation (51) shows that varying the disk radius  while keeping the 
antenna separation  constant is functionally equivalent to keeping  constant and 
varying . Since a single antenna separation was available to work with in the present 







A linearly polarized 30 W CO2 laser operating at 10.6 µm wavelength was used as the 
source in the experiment. After transmission through the optical elements of the 
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experiment, 22 W was available at the focus. A diffuser was constructed from a piece of 
Barium Fluoride (BaF2) which was subsequently roughened by sandblasting both sides 
of the sample. 
 
 
Figure 50 Experimental set-up. (note: The transverse dimension of the beam has been 
greatly exaggerated for better visualization) 
 
 
To create a spatially incoherent disk, the location of the diffuser transverse to the optical 
axis of the system was mechanically varied in time by directly attaching it to the cone of 
a speaker. The speaker was then driven using a signal generator with a sine-wave input 
of 182 Hz with amplitude of 50 mV.  BaF2 was chosen due to its high transmission at λ  
= 10.6 µm, which is greater than 80%. Scanning Electron Microscope (SEM) images 
depicting the surface roughness of the BaF2 are shown in Figure 51.  Inspection of 
these images show surface roughness on a spatial scale smaller than λ , which is 





Figure 51 SEM image of the sandblasted surface of the barium fluoride diffuser taken at 
11,000X magnification. 
 
The laser beam was focused using an F/8 optical train, resulting in a nearly diffraction-
limited spot with a Gaussian width at the beam waist of 150 ± 20 µm. The half-angle of 
the cone formed by the converging beam is about 1.3 degrees.  A detailed analysis of 
the propagation of the beam through the optical train has assured that the beam can be 
considered as a non-truncated beam. On the other hand, the quality parameter of the 
beam is quite good, having a measured value of about M2=1.1 for the CO2 laser used in 
this experiment. The antenna pair/bolometer device used here was biased at 100 mV, 
consistent with previous work with these devices [3, 40]. A mechanical chopper was 
used to modulate the laser at 2.5 kHz and the change in the voltage across the 
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bolometer was recorded after a 10 X pre-amplification stage using a computer coupled 
with a lock-in amplifier. 
 
The incoming laser beam passed through the diffuser. The size of the source presented 
to the antenna detectors was controlled by varying length  in Figure 50. Light leaving 
the diffuser was propagated a distance  to the plane where the antennas were placed, 
as shown in Figure 50. This distance  was fixed at 1.5 ± 0.5 mm. The large value of 
the uncertainty of this parameter is due to the difficult accessibility of the space between 
these elements. The diffuser and the antenna/bolometer system were hard-mounted 





This parameter follows a hyperbolic evolution of the type: 
 














where 0σ  is the Gaussian width at the beam waist, and λ
πσ 20=Rz is the Rayleigh range 
of the illuminating beam. 
 
Measurements of σ were taken starting at a distance of  = 19 mm, and then reduced 
in steps of 2 mm, until the focal point of the laser coincided with the first surface of the 
1z
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diffuser. By using Equation (52) it is possible to calculate σ vs. z for all the 
measurement points. 
 
Experimental Results and Comparison to Theory 
Due to the use of a laser source, the illuminated disk used in the experiment had a 
Gaussian intensity distribution. Hence, to accurately model the output of the device, the 
modulus of the complex coherence factor for this source must be calculated. The 
intensity distribution of the source in this case is 
 



















where σ  is the  radius of the beam. Calculating the complex coherence factor 
requires computing the Fourier transform of the intensity distribution in Equation (53) 
using standard techniques [36], with the result 
1−e
 













In the particular device used for this experiment the effective separation of the antennas 
was  µm which accounts for the geometrical separation and the effect of the 8=∆x
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index of refraction of the substrate. Additionally from the experimental setup 0=∆y , and 
the following result can be obtained 










Where the hyperbolic dependence of σ  is used to obtain an analytical expression for  
 






The results of the experiment are shown in Figure 52, where the measured and 
theoretical values of the modulus of the complex coherence factor are shown. The 
horizontal axis shows the variation in the distance z1. The vertical axis represents the 
modulus of the complex coherence factor, |µ|. These values have been obtained directly 
from the measured signals after applying Equation (47). Since the signal from the 
antenna is not given in the same units as the signal obtained from a power meter that 
monitors the laser power, a normalization factor needs to be included in the calculation. 
This normalization factor is obtained after extrapolating the values to the case of z1=0. 
The value of |µ| does not go to unity at the vertical axis when z1=0 because the source 
does not collapse to a point source. The error bars have been obtained by calculating 
the standard deviation of a series of ten measurements for each one of the z1 locations. 
Along with the experimental values, a solid line representing the best fit to a Gaussian 
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dependence of µ , corresponding to a Gaussian illumination has been plotted. The 
fitting value, mm, seems to be smaller than the analytical value for Ω obtained 
from the nominal data. However, when taking into account the uncertainties in the 
geometrical and beam parameters of the experiment (
5.24=Ω fit
0σ =130 µm, and z=1.0 mm) the 
obtained value, mm, is coinciding very well with the fitted value. The 
dotted line represents the dependence of 
0.23=Ωanalytical
µ  for a uniform source having a radius equal 
to the Gaussian width of the Gaussian beam. This line is the best fitted curve for such 
dependence. The parameter of the fitting for the uniform illumination case also lies 
within the values obtained from the experimental set-up conditions when taking into 
account their uncertainties ( 0σ =130 µm, and z=1.2 mm). The reason for this 
comparison is to take into account the effect of the double-sided diffuser. The effect of 
the propagation from the first sandblasted surface to the second one would produce a 
more uniform distribution than the initial Gaussian one. The results show that this effect 




Figure 52 Analytical and experimentally obtained values for the modulus of the complex 
coherence factor. (note: the theoretical curve is represented by the solid line, the 
dashed line represents the fitted data, and the circles represent the measured values). 
Summary 
In this experiment a dual-dipole antenna-coupled to a microbolometer was used to 
measure the magnitude of the complex coherence factor of an incoherent source. Good 
agreement between theory and experiment was obtained. This forms the experimental 
foundation for an optical synthetic aperture imaging system based on the Van Cittert-
Zernike theorem, which does not, in principle at least, require a lens. A lensless imager 
would have several advantages over its glass optical lens system counterpart. While 
weight and cost reduction are the most intuitive of these advantages, radio frequency 
domain techniques that allow for pupil plane imaging can also be extended into the 
infrared. Having the ability to measure the magnitude of the complex coherence factor 
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of an incoherent source contributes to the demonstration that phase is preserved in the 
infrared dual-dipole antenna elements.  
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CHAPTER 8 
ANTENNA BEAM SHIFTING 
Introduction 
To achieve the overall goal of a phased-array infrared imager electronic beam steering 
must be used in order to “scan the beam” across a scene and effectively build an 
image. To achieve this end it is necessary to create a way to control the inter-element 
phase between adjacent antennas and the load. For a phased-array the beam can be 
steered by varying the relative phase shift between elements. This can be accomplished 
by modulating the propagation constant of one of the infrared wave guides connecting 
one of the antennas to the load bolometer or by means of a phase shifting device [42]. 
For the purposes of this research no active phasing element is used to introduce a 
phase difference. Instead, in order to demonstrate phasing between dual-dipoles the 
bolometer (or summation point), which would typically be located in the middle of the 
antenna, is physically shifted to reside on one of the dipole antennas and the separation 
distance (the length of the infrared waveguide) between the dipoles is varied. Due to 
different co-planar strip wave guide lengths and changing the position of the bolometer 
a relative phase shift is introduced between the two signals being received by each 
dipole arriving at the bolometer. The shift in phase depends on the length of the 
waveguide (d). The phase shift is given by 
      eff
d
λ




where β is defined as the propagation constant with units of m
rad . A theoretical 
analysis for the dual-dipoles is developed in the following section. 
 
Array Factor 
Analysis will first begin first with the theoretical development of the array factor of the 
dual-element configuration. Taking two point sources of equal amplitudes and a 
difference in phase (α ) located symmetrically about the origin separated by distance d 








Figure 53 Description of two isotropic point sources 
 
Making an observation with respect to the origin at a point (r) far away from the sources 
(far field) measured by θ  the field from source 1 is retarded by ( )αθβ +cos
2
1 d  and the 
 90
field from source 2 leads by ( αθβ +cos
2
1 d ) . Then the total field at r with a direction 
defined by θ  is 











Where is the amplitude of the field component at distance r and 0E αθβψ += )cos(d . 
Equation (58) can be simplified by rewriting in the following form  
 











and making use of Euler’s formula which is 
 






the total field can be written as 
 
















αθβψ dEE  (61)
 
Normalizing the total field in Equation (61) results in the form 
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cos αθβψ dE  (62)
 
Plotting θ.vsE will give the associated field radiation pattern for isotropic point sources. 




= and the phase 
shift between elements (α ) is varied for 00, 450, 900, and 1800 then the array factors are 
plotted in Figure 54 for the respected phase shifts. While this is a simple case for point 
sources it allows a demonstration of how the beam of the antenna (main peak) can 
change by the introduction of phase between the elements. 
 92
 
Figure 54 Field Radiation patterns showing antenna beam shifting due to phase shifting 
between two isotropic point sources 
 
In order to account for inaccuracies of the position of the bolometer due to fabrication 
error or lossy transmission lines, a relative amplitude factor a is introduced. This allows 
for the sources to still be isotropic, but have different magnitudes. Letting the source at 
position 1 have amplitude given by and the source at position 2 have amplitude given 
by where . The array factor can then be calculated by  
0E
0aE 10 ≤≤ a
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This can be simplified using trigonometry and normalizing, resulting in a magnitude of 
the total field as: 
 
      
( ) 22 )sin(cos1 ψψ aaE ++=  (64)
 
In the simple case where the amplitudes are equal and 1=a then Equation (64) will 
reduce to Equation (62). In order to see the effect of the reduction of amplitude in one 
source Figure 55 provides a comparison of dual point sources for the case of 1=a  (no 





= . As can be seen, the addition of loss results in a broadening of the 
pattern close to 00 and 1800. 
 
Figure 55 Field radiation patterns for a comparison of the array factor for a two-element 
array with equal and non-equal contributions 
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Pattern Multiplication 
The principle of pattern multiplication provides a straightforward way of determining the 
radiation patterns of arrays of non isotropic sources. The total field pattern can be 
formed by the multiplication of the array factors (AF) of the isotropic sources by the field 
pattern of the individual element [32].  Therefore, in the case of the dual-dipoles the 
radiation pattern is then the array factor of Equation (64) multiplied by the single 
element pattern. This is a very powerful and useful formulation when applied to array 
elements. With the theoretical individual (single dipole) element H-plane radiation 
pattern for both the air-side Equation (17) and the substrate-side Equation (35) already 
obtained, it becomes simply a matter of using pattern multiplication in order to obtain 
theoretical H-plane radiation patterns for various different dipole separations, different 
phase differences, and lossy transmission lines between the dipoles (location of 
bolometer).  Normalizing the field and using pattern multiplication the antenna array field 
pattern for the H-plane air-side illumination is given in Equation (65). Where θ is the 
angle of incidence 
 
 









































The antenna array power pattern is then calculated by squaring the field as 
 







































Making the appropriate substitutions and normalizing the field using pattern 
multiplication the antenna array field pattern for the H-plane substrate-side illumination 
is given in Equation (67). 
 














































The antenna array power pattern is then calculated by squaring the field as 
 
















































In order to demonstrate pattern multiplication for the air-side the situation is chosen for 























-------- Resultant Pattern (Power)
......... Single Element (Field)
 Array Factor (Field)
 
Figure 56 Theoretical pattern multiplication of air-side illumination for the single element 
pattern multiplied by the array factor for d = 2.4 µm spacing with a shifted bolometer to 
























-------- Resultant Pattern (Power)
......... Single Element (Field)
 Array Factor (Field)
 
Figure 57 Theoretical pattern multiplication of substrate-side illumination for the single 
element pattern multiplied by the array factor for d = 2.4 µm spacing with a shifted 
bolometer to induce a phase shift 
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Choice of Dipole Separations 
The initial choice for the separation in dipoles was chosen as 2.4 µm ( 2/effλ  
wavelength calculated as discussed previously in Chapter 2 [8]) to provide for a 
possible maximum phase shift of 1800. However analysis performed using HFSS finite 
element electromagnetic modeling software allowed for the initial simulation and 
calculation of propagation constants based on the design of the co-planar strip lines 
used in the array. This analysis provided an initial guideline for choosing the following 
dipole separation lengths to attempt to introduce the respective phase shifts between 
the elements and is outlined and highlighted in Table 1. 
 
Table 1 Propagation constants and respective phases based on the design of the co-




Experimental Phasing Demonstration 
Phasing on a Planar Substrate 
In an initial attempt to show phase preservation and beam shifting with the dual-dipole 
designs devices of various inter-element phasings were fabricated for measurement 
directly on a Si planar substrate with a roughened back side. The radiation patterns 
were then measured. Radiation patterns are presented for the devices in Figure 58, 

























Figure 58 H-plane radiation power pattern for a single dipole on a Si planar substrate 





























Induced Phase Difference 
 
No Phase Shift 
Figure 59 H-plane radiation power pattern for a dual-dipole separation of 1.11 µm on a 





























Induced Phase Difference 
 
No Phase Shift 
Figure 60 H-plane radiation power pattern for a dual-dipole separation of 2.22 µm on a 





























Induced Phase Difference 
 
No Phase Shift 
Figure 61 H-plane radiation power pattern for a dual-dipole separation of 0.55 µm on a 



























Induced Phase Difference 
 
No Phase Difference 
Figure 62 H-plane radiation power pattern for a dual-dipole separation of 0.55 µm on a 
Si planar substrate with a roughened back (non shifted bolometer device failed during 
test) 
 
Unfortunately, the devices on the planar substrate did not produce beam shifting in the 
H-plane of the radiation pattern. This is due to the generation of substrate modes and 
reflections from the back surface of the substrate. To overcome these problems 
fabrication and testing of these devices moved to use an immersion lens. 
Phasing on an Immersion Lens 
The phased dual-dipole antenna arrays moved from fabrication on a planar substrate to 
fabrication directly on the flat side of an immersion lens at the center of curvature in 
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order to show phase preservation. Multiple inter-element-spacing dual-dipole devices 
were fabricated on high resistivity Si immersions lenses and power radiation patterns 
were measured for the H-plane radiation cut for both substrate-side and air-side 
illumination. The measured patterns are presented along with the theoretical patterns 
that were developed previously in this chapter. The theoretical power radiation patterns 
that were derived are for the ideal case scenario and where the parameters for the 
theoretical patterns used were developed through previous research efforts on infrared 
transmission line studies [41]. The propagation constant for this ideal case 
is m
rad
µβ 48.1=  and the effective index is 5.2=effn . The substrate-side illumination is 
presented first and then followed by the air-side illumination. Following the individual 
radiation plots of the measured and theoretical patterns for both sections of the 
substrate-side or air-side illumination is a section that delves into explaining the 
irregularities that are seen between the theoretical patterns and the measured patterns. 
Additionally a discussion of the variations that can occur in the dual-dipole 
configurations is presented that support the reasoning for the noted irregularities. 
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 -  Theoretical
-+- Measured
 
Figure 63 H-plane power radiation pattern substrate-side illumination for dual-dipole 
























 -  Theoretical
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Figure 64 H-plane power radiation pattern substrate-side illumination for dual-dipole 
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-+- Measured
 
Figure 65 H-plane power radiation pattern substrate-side illumination for dual-dipole 




























Figure 66 H-plane power radiation pattern substrate-side illumination for dual-dipole 


























 -  Theoretical
-+- Experimental
 
Figure 67 H-plane power radiation pattern substrate-side illumination for dual-dipole 
with d = 0.53 µm separation and bolometer shifted from center by 0.265 µm 
 
Discussion of Results for Substrate-Side Illumination Radiation Patterns 
In using Equation (65) and Equation (67) for the theoretical radiation patterns 
geometrical constraints from the design were chosen from previous research done on 
co-planar strip lines as outlined in Table 1 [41].  
 
Observing Figure 63 for the 2.4 µm spacing device with the bolometer centered (no 
induced phase difference) we can see a fairly good agreement between the theoretical 
pattern and the measured pattern. The pattern contains two peaks off axis in either 
quadrant and a slight null located around broadside compared to the off axis peaks. The 
pattern is fairly symmetrical as expected. 
 
Observing Figure 64 through Figure 67 for the different separation distances “d” with the 
bolometer located to the far left dipole element we can see similar trends in the 
measured patterns with the theoretical patterns. The location of the main peaks in the 
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measured and theoretical radiation patterns do have the same linear trend as the trend 
of the inter-element spacing of the dipoles. The reason behind this is that since the 
inter-element spacing is changing from device to device each fundamental array pattern 
for that particular device will be different than the others. However, phase is preserved 
in the array and beam shifting is present in the array.  
 
In further comparison between the theoretical patterns and the experimental patterns 
two differences are noted; the difference in peak location and the side lobe level. There 
are five main reasons that explain this deviation error in the radiation patterns presented 
above the separation distance between elements, the exact position and size of the 
bolometer, measurement alignment error, position of the device relative to the center of 
the center of the immersion lens and unequal contributions due to transmission line 
loss. Each one of these will be discussed separately as follows.  
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There is an inherent error associated with the inter-element spacing due to the small 
relative error in the writing of the antenna using-beam lithography this error is estimated 
to be ±0.2 µm. Therefore revisiting Figure 64 of the 2.4 µm spacing device with the 
bolometer shifted a comparison can be done in the theoretical pattern. Plotting both 
theoretical patterns on the same plot (see Figure 68) shows that not only the position of 
the peak is changed (by 90 in this scenario) but also the side lobe level has been 
significantly reduced. Taking into account these errors alone can bring the theoretical 























 d = 2.4 µm
-------- d = 2.6 µm
 
Figure 68  Theoretical H-plane power radiation patterns for substrate-side illumination 
for dual-dipole with d = 2.4 µm and d = 2.6 µm  separation (bolometer shifted to far left 
dipole element) 
 
The error related to the exact position and size of the bolometer is associated with the 
alignment stage of the e-beam write and the exposure. The bolometer can be 
overexposed (or overdeveloped) effectively increasing its size, the position of the 
bolometer could be misaligned to the antenna structure, and a particular portion of the 
bolometer may be making better electrical contact with the lead lines or antenna. For 
example in Figure 69  two dual-dipole antennas with the same inter-element spacing 
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are shown.  The dual-dipole on the right has a bolometer that has been overdeveloped 
and the dual-dipole on the left has a bolometer that is slightly underdeveloped. Since 
the bolometer is the summation point for the current waves it is difficult to know 
precisely were this summation is taking place especially considering the physical 
geometry of the asymmetric lead lines. This can be accounted for by use of a weighting 
factor that is proportional to the position of the bolometer. This translates to a 
multiplication of a weighting factor to the phase α  in the theoretical model. 
Figure 69 Comparison of two different size bolometers 
 
To demonstrate this and its effect upon the theoretical pattern use again as a point of 
reference the 2.4 µm spacing device with the bolometer shifted. The normal 
displacement from the centered bolometer case would be ∆ = 1.2 µm. If the bolometer 
were actually positioned at 1.35 µm (an error of 0.15 µm ) this would result in a 







µ . Looking at both of the radiation patterns for the two 
scenarios it is intuitive in describe what changes occur in the radiation pattern for such 
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an error (bolometer position changes from the designed ideal case).  A comparison was 
done for the on the same plot as shown in Figure 70. There is a movement in the main 
peak of the beam and a reduction in the side lobe. This provides further justification as 
to why the theoretical patterns are not peaking at the same point or have the same side 























 No weighting factor
 - - - - Weighting factor = 1.125
 
Figure 70 Theoretical H-plane power radiation patterns for substrate-side illumination for 
dual-dipole with and without weighting factor with d = 2.4 µm (bolometer shifted to the 
far left dipole element) 
 
In order to further demonstrate the error of when the position of the bolometer is not 
ideal a Figure 65 is revisited and it is noted that the measured pattern is not symmetric 
about normal as predicted by the theoretical pattern. The normal displacement from the 
centered bolometer case would be ∆ = 1.06 µm. If the bolometer were actually 








µ . When the theoretical pattern in the case of the 2.12 µm separation is 
adjusted with a weighting factor it is easily shown that the resultant pattern deviates 
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from symmetric case as shown in Figure 71 which is a better match to the measured 
























 No weighting factor
--------Weighting factor = 1.14
 
Figure 71 Theoretical H-plane power radiation patterns for substrate-side illumination for 
dual-dipole with and without weighting factor with d = 2.12 µm (bolometer shifted to the 
far left dipole element) 
 
Another error possible is inherent in the measurement of the radiation patterns 
themselves. While best efforts are made to ensure that the antenna is normal to the 
incoming laser using back reflection alignment in order to set the 00 reference before 
taking measurement scan data this does have an associated error. It is estimated that 
this error can be a maximum of ± 50. This has the resultant effect of shifting the entire 
measured radiation pattern therefore making the peak of the measured pattern closer to 
that of the theoretical pattern. 
 
With direct fabrication of the antenna on the flat side of the silicon immersion lens there 
is an estimated error of the devices placement to the center of the lens by ± 10 µm [16]. 
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With the device placed slightly off of the center of the immersion lens results in the 
radiation pattern being rotated proportional to the amount of displacement [43]. This 
error is estimated to be ±30. 
 
Unequal contributions of the elements is a result of the loss in the transmission line and 
was previously discussed above. The result is a broadening of the array factor pattern 
as shown in Figure 55. When pattern multiplication is performed the resultant overall 
pattern will ultimately reach that of the single element pattern as the contribution from 
the one of the elements diminishes. This is easily shown in the comparison shown in 




























          Equal Contribution a =1
         ------- Unequal Contribution a = 0.5
         ........ Unequal Contribution a = 0.1            
Figure 72 Theoretical H-plane power radiation patterns for substrate-side illumination for 
dual-dipole comparison of unequal contributions between elements d = 2.4 µm 




In order to describe the discrepancies between the theoretical patterns and the 
measured patterns the five possible errors were described above. While determining the 
exact mechanism of error that may be occurring in any one particular device over the 
other of the substrate-side illumination patterns is beyond the scope of this research it 
does allow for a means of describing the good agreement that can be obtained between 
the measured and theoretical radiation patterns.  
























 -  Theoretical
-+- Measured
 
Figure 73 H-Plane power radiation pattern air-side illumination for dual-dipole with d 
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Figure 74 H-Plane power radiation pattern air-side illumination for dual-dipole with d = 
























 -  Theoretical
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Figure 75 H-plane power radiation pattern air-side illumination for dual-dipole with d = 
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Figure 76 H-plane power radiation pattern air-side illumination for dual-dipole with d = 
























 -  Theoretical
-+- Measured
 
Figure 77 H-plane power radiation pattern air-side illumination for dual-dipole with d = 
0.53 µm separation bolometer shifted by 0.265 µm 
 
Discussion of Results for Air-Side Illumination Radiation Patterns 
Considering Figure 73 to Figure 77 for the air-side illumination pattern it is observed that 
no clear distinguishable phasing results are in the measured patterns. Even though the 
elements have been fabricated on an immersion lens as opposed to a planar substrate 
the same characteristic problems still exist. There are spikes in the radiation patterns of 
all of the measured patterns. These are caused by two mechanisms taking place for the 
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air-side illumination. The first of these mechanisms is the reflection from the back side 
of the curved surface which was discussed in detail in Chapter 5. The second 
mechanism is caused by back reflections from the radiation as it travels through the 
substrate and is reflected by the back curved surface of the lens. It is worth noting that 
the specification on the immersion lens tolerance for the radius is ±0.1 mm providing a 
range of potential values for different back reflections to occur specific to each particular 
device fabricated on varying radius of immersion lens. From Chapter 6 it was 
determined that there is gain when illumination is done via substrate-side illumination. 
When back reflections occur the radiation reaching the antenna will be increased by the 
gain of substrate-side illumination as disused in Chapter 6. This gain in signal can 
dominate over the signal received from the air-side illumination. Utilizing substrate-side 
illumination allows for gain in the signal due to power radiating better into the dielectric 
side vs. the air-side as discussed in Chapter 6. 
 
Changing Position of the Bolometer 
Another method of experimentally showing that phase is preserved on the antenna 
array is by simply changing the position of the bolometer on the fundamental dual-dipole 






Figure 78 Bolometer placement in dual-dipole antenna array 
 
All three of these devices had a separation of d = 2.4 µm were fabricated on individual 
immersion lenses and radiation patters were measured and shown in Figure 79, Figure 
80, and Figure 81. Recall that the difference between the theoretical patterns and the 
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-+- Measured
 
Figure 79 H-plane power radiation pattern air-side illumination for dual-dipole antenna 
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Figure 80 H--plane power radiation pattern air-side illumination for dual-dipole antenna 
























 -  Theoretical
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Figure 81 H--plane power radiation pattern air-side illumination for dual-dipole antenna 
array with bolometer shifted to the left 
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For the centered bolometer results show that the element pattern is fairly symmetric 
about the axis as would be expected and is in fairly good agreement with the theoretical 
data. For the case of the bolometer placed to the left and to the right it is easily seen in 
the radiation patterns that the main shifted beam changes quadrants as would also be 
expected. The theoretical patterns are in good agreement within the associated errors 
as discussed previously in this chapter. One additional item to note is that while the 
antenna is the same with just the bolometer changing position the two situations are still 
slightly different. For the case where the bolometer is to the left the read out of the 
bolometer is done though the antenna structure rather than directly at the bolometer as 
is the case for the bolometer placed to the right. This can help to explain the differences 
in the radiation patterns of the left and right case and why they are not exact mirror 
images of one another. This simplistic experiment is a powerful demonstration that 
shows phase is preserved on the antenna array and shifting of the main beam of the 
antenna is possible. 
 
Summary 
Changing the position of the bolometer from the center of the dual dipole design to the 
far dipole element for various inter-element-spacings introduced a phase shift in the 
current waves arriving at the bolometer from each of the dipoles in the array. 
Additionally changing the bolometer from the extreme right to the far left or right on 
either one of the dipoles in the dual-dipole configuration resulted in the main shifted 
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beam changing quadrants demonstrating that phase information is properly preserved 
on the antenna. This was shown through the H-plane power radiation pattern 
measurements of the devices and is in good agreement with the theoretical models 
taken into account the associated errors involved. 
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CHAPTER 9 
ANTENNA BEAM FORMING 
Beam Narrowing 
By the addition of elements to the array and retaining the proper phase shift between 
elements, beam-forming can be done in order to produce a very narrow beam in the 
radiation pattern of the antenna. In a phased-array infrared imager the beam width will 
directly affect the resolution of the imager. For the purposes of this research it was 
desired to show that beam narrowing could be accomplished in the infrared regime with 
the use of infrared antenna-coupled micro-bolometers. 
Theoretical Development 
By extending the theoretical analysis that was performed at the beginning of the 
previous chapter the single element dipole antenna can be extended to include 
theoretically an infinite number of elements. Using the single fundamental dipole 
antenna as a basis element an odd number of elements were added to the array. 
Shown in Figure 82 is the original layout of the isotropic elements as shown previously 
in Figure 53 but in this case now extended to include an odd number of elements with 
unequal amplitudes (aN). 
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Figure 82 Array of an odd number of isotropic unequal amplitude elements 
 
Solving for the field pattern of this situation will provide an array factor that can be used 
in the pattern multiplication rule with the already formulated single-element pattern. The 
total field can be calculated by looking at the far field (large r) and summing the 
contributions from all of the elements. A geometric series can be formed if the amplitude 
of the center element is given as 2a1, which can be later accounted for by making a1 = 
½ if it has uniform amplitude. If the total number of isotropic elements is odd (2N+1, 
where N is an integer) then the following equation can be written for the field 
 
















which can be normalized and expressed as the series 
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n naE ψ (70)
 
Recall that αθβψ += cosd . In the case of the one-element array the array factor of the 
field pattern is given by 
 
      1aEAF =  (71)
 
Then using pattern multiplication, the total normalized field pattern for the one-element 
array air-side illumination is 
 












































And the radiation power pattern is calculated as 














































In the case of the three-element array the array factor of the field pattern is given by 
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      [ ]αθβ ++= coscos21 daaEAF  (74)
 
Then using pattern multiplication the total normalized field pattern for the three-element 
array air-side illumination is 












































And the radiation power pattern is calculated as 














































Lastly in the case of the five-element array the array factor of the field pattern is given 
by 
 
      [ ] [ ]αθβαθβ ++++= cos2coscoscos 321 dadaaEAF  (77)
 
Using pattern multiplication the total normalized field pattern for the five-element array 
air-side illumination is  
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And the radiation power pattern is calculated as 
 









































In order to gain a better understanding of the resultant overall patterns of the structures 
it is useful to observe the H-plane theoretical field patterns for the single element and 
array factor plotted with the resultant array H-plane theoretical power patterns. Recall 
that in order to obtain the overall pattern of the array, multiplication is performed where 
the single element pattern is multiplied by the array factor. For the single-element array 
the pattern multiplication just results in a reproduction of the single-element pattern 
since the array factor is just a constant as described in Equation (72). For the case of 
the three-element array, Equation (75), the array factor, element pattern, and resultant 
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pattern are plotted in Figure 83. And similarly for the five-element array the array factor, 
element pattern, and resultant pattern are plotted in Figure 84. These plots provide a 
way of visualizing pattern multiplication, and provide insight into beam narrowing and 




























-------- Resultant Power Pattern
......... Single Element Field Pattern
 Array Factor Field Pattern
 
Figure 83 Theoretical pattern multiplication of the single element pattern multiplied by 






























-------- Resultant Power Pattern
......... Single Element Field Pattern
 Array Factor Field Pattern
 
Figure 84 Theoretical pattern multiplication of the single element pattern multiplied by 
the array factor for five-element array for air-side illumination 
 
The equations for the case of substrate-side illumination similarly are determined to be 







































































































for the three-element array 
 












































And the radiation power pattern is calculated as 
 
















































and lastly for the five-element array 
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And the radiation power pattern is calculated as 
  
















































As was done above for the air-side illumination case in order to gain a better 
understanding of the resultant overall patterns of the structures it is useful to observe 
the theoretical patterns for the single element and array factor plotted with the overall 
pattern. Again for the single element array the resultant pattern is just the single 
element pattern repeated since the pattern multiplication includes multiplication by a 
constant as described in (80).  For the three-element array of Equation (82) the array 
factor, element pattern, and resultant pattern are plotted in Figure 85. And similarly for 
the five-element array the array factor, element pattern, and resultant pattern are plotted 





























-------- Resultant Power Pattern
......... Single Element Field Pattern
 Array Factor Field Pattern
 
Figure 85 Theoretical pattern multiplication of the single element pattern multiplied by 





























-------- Resultant Power Pattern
......... Single Element Field Pattern
 Array Factor Field Pattern
 
Figure 86 Theoretical pattern multiplication of the single element pattern multiplied by 
the array factor for five-element array for substrate-side illumination 
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Design Layout 
Realizing that transmission-line loss can be extremely high for the coplanar strip lines it 
is desired to space the elements in the array as close as possible. Typically in antenna 
array designs for a broadside array of dipole elements the inter-element spacing is 
taken as d =
2
λ  with the sources are all driven in phase with equal amplitudes. 
Unfortunately in the case of infrared antennas the design is constrained by the 
geometry and signal routing of the physical co-planar strip lines. This means that the 
antennas cannot simply just be driven in phase. If d =
2
effλ   was taken as the spacing in 
the case of the infrared antennas connected by co-planar strip lines the array would end 
up as a non-broadside array (Main beams located along the x axis in Figure 82) due to 
the geometry and resultant phase introduction [44].  Since the goal of designing the 
array of elements is to demonstrate broadside beam-narrowing the closest the elements 
can be spaced is d = effλ . This spacing is chosen so that the total off broadside field (on 
the x axis in Figure 82) that is determined from the summation of the fields of the 
elements will be minimized. This minimization is important, since at d = effλ the 
contributions from successive elements will be out of phase with the elements along the 
axis and by positioning the antennas in this manner the overall effect cancels the field in 
the x direction and creates a narrow beam of radiation directed towards the y axis. The 
antenna structures designed and fabricated are shown in Figure 87 and represent a 
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single element dipole, a 3 element array, and a 5 element array with inter-element 






Figure 87 Antenna designs for beam-forming with spacing between the elements as effλ  




Comparison of Theoretical Radiation Patterns and Measured Radiation 
Patterns 
 
A single dipole was compared to three-element and five-element antenna arrays as 
shown in Figure 87. H-plane radiation pattern measurements were performed for air-
side illumination on a Si immersion lens. As described previously, the total field of the 
array is found through the rule of pattern multiplication where the individual element 
pattern is multiplied by the calculated array factor. In order to perform beam narrowing it 
is highly desirable that the radiation pattern have a broadside response as close to unity 
as possible. The air-side illumination H-plane radiation pattern for the single-dipole case 
has a better broad side response when compared to the substrate-side H-plane pattern 
as shown in Figure 47 where there is a null at broadside and peaks off axis in both 
quadrants. The results obtained for the single-element pattern on the substrate-side do 
not mean that beam narrowing cannot be performed. The main beam width on the 
substrate-side is nearly identical to that of the main beam width on the air-side for the 
three-element array and the five-element array as shown in the theoretical models as 
























 Air Side 3 element
 Sub Side 3 element
 
Figure 88 Theoretical H-plane power radiation pattern comparisons for three-element 
























 Air side 5 element
 Sub side 5 element
 
Figure 89 Theoretical H-plane power radiation pattern comparisons for five-element 
array for air-side and substrate-side illumination 
 
 
The H-plane radiation patterns were measured for the single-element, three-element, 
and five-element arrays for both air-side and substrate-side illumination, and are 
compared to the theoretical patterns derived previously and are presented in the 
following figures. The substrate-side illumination is presented first, followed by the air-
side illumination. Following the individual radiation plots of the measured and theoretical 
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patterns for both sections of the substrate-side or air-side illumination a discussion on 
the discrepancies that are seen between the theoretical patterns and the measured 
patterns is presented. Additionally a discussion of the variations that can occur in the 





























Figure 90 Comparison of theoretical and measured H-plane power radiation patterns for 
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Figure 91 Comparison of theoretical and measured H-plane power radiation patterns for 




























Figure 92 Comparison of theoretical and measured H-plane power radiation patterns for 



























Figure 93 Comparison of theoretical and measured H-plane power radiation patterns for 
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Figure 94 Comparison of theoretical and measured H-plane power radiation patterns for 
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Figure 95 Comparison of theoretical and measured H-plane power radiation patterns for 
air-side for a five-element array 
 
Discussion on Beam-forming 
Substrate-side and Air-side Illumination 
Considering the H-plane radiation pattern for the substrate-side illumination it is 
observed that there is a reduction in beam width in both the three-element and five-
element array. The measured patterns are in fairly good agreement with theory. The 
errors previously discussed in Chapter 8 which included the separation distance 
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between elements (Figure 96), the exact position and size of the bolometer 
(represented by a weighting factor as shown in Figure 97), measurement alignment 
error, position of the device relative to the center of the center of the immersion lens and 
unequal contributions due to transmission line loss also contribute with the three-
element and five-element arrays. The errors can cause shifting of the main beam off 
broadside, reduction or amplification of side lobes, or broadening of the beam width. 
The measured beam widths are all broader than that is predicted by theory since the 
main goal of using an antenna array is to narrow the beam, the errors associated with 























 d = 4.24 µm
-------- d = 4.34 µm
 
Figure 96 Theoretical H-plane power radiation patterns for substrate-side illumination for 
























 No weighting factor
 Weighting factor = 1.14
 
Figure 97 Theoretical H-plane power radiation patterns for substrate-side illumination for 
three-element array with and without weighting factor with d = 4.24 µm 
 
One major factor in the broadening of the beam is the lossy transmission lines. This 
results in unequal amplitude contributions from the outer elements in the theoretical 
model. Looking at the substrate-side case for the three-element and five-element array 
comparative plots are shown which indicate that as the outer elements contribute less 


























               Equal contribution a1=1, a2=1
               Un-equal contribution a1=1, a2=0.3           
 
Figure 98 Theoretical H-plane power radiation patterns for substrate-side illumination of 


























               Equal contribution a1=1, a2=1, a3=1
               Un-equal contribution a1=1, a2=0.3, a3=0.15           
Figure 99 Theoretical H-plane power radiation patterns for substrate-side illumination of 
unequal contribution from the outer four elements in a five-element array 
 
 
It is observed in the measured radiation patterns Figure 90, Figure 91, and Figure 92 for 
substrate side illumination and Figure 93, Figure 94, and Figure 95 that from the three-
element array to the five-element array a trend is seen in that the five-element beam is 
narrower than the three-element beam, the reduction is not as great as theory would 
predict. This is most likely an indication of the loss associated with the co-planar strip 
lines and the fact that the addition of more elements did not contribute greatly to a 
reduction in beam width. 
 
Another source of beam broadening especially in the case of the substrate-side 
illumination compared to the air-side illumination case is the fact that we do not start out 
with an ideal perfect fit of the theoretical patterns to the measured patterns for the 
single-element case. This is most easily seen in Figure 47 where the theoretical pattern 
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for the single element is narrower than the actual measured pattern. Pattern 
multiplication takes the theoretical pattern multiplied by the array factor. It is easy to 
demonstrate this by actually using the measured single-element antenna pattern and 
multiply it by the theoretical array factor to determine the resultant pattern which is 





























 Overall power pattern using measured element pattern
-------- Theoretical array factor field pattern
+++++ Measured element power pattern
 Overall power pattern using theoretical element pattern
 
Figure 100 H-plane radiation patterns for substrate-side illumination comparison in 




With the phased preserved on the array, narrowing of the antenna beam was performed 
using a multi-element array. The three and five element design consisted of adding 
various dipole elements to the original single dipole design. This showed a reduction in 
antenna beam width for both air-side and substrate-side illumination as expected and 
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The use of a phased-array infrared imager is a very attractive technology. Harnessing 
the ideas and concepts that are already being utilized in other electromagnetic 
spectrums such as RF and mmW and extending them to the infrared region allows for 
vast improvements over conventional infrared imagers. Building an image using an 
active array that has a narrow beam scanned through space that does not require the 
use of standard front-end optics in order to form the image can result in reduction of 
size, weight, and volume compared to standard infrared imagers. Additionally, this 
would also allow the infrared imager to be conformal, making it useful in a wide range of 
applications. 
 
In order to have a viable future infrared phased-array imager one of the first major 
hurdles in the development is to show that phase can be preserved in an infrared 
antenna-coupled micro-bolometer. This presented research conclusively demonstrates, 
for the first time, the phasing of multiple dipole antennas in the infrared. 
 
Various elements of research were explored leading up to the final development of 
preservation of phase. Numerous antenna designs were explored and various 
waveguide technologies were examined. The outcome of this design effort is the dual-
dipole design with a single common bolometer and interconnected through the use of 
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co-planar strip waveguides. Standard planar Si substrates were initially chosen for the 
experimental devices due to the ease of fabrication associated with planar substrates. 
Unfortunately, roughening the back side was not able to prevent substrate modes and 
back reflections resulting in no useful resultant phasing being observed in the measured 
radiation patterns.  
 
In order to overcome this problem, an immersion lens was chosen for the fabrication of 
the devices. By illumination through the substrate-side the immersion lens not only 
provides an increase in gain compared to air-side illumination, but also reduced 
substrate-mode generation and back reflections, which improves the accuracy of the 
radiation pattern measurements. First-time direct fabrication of an infrared antenna 
micro-bolometer was performed on an immersion lens through this research. This 
eliminated unwanted air gaps that would occur by placing an immersion lens in direct 
contact with an immersion lens as well as providing ease of alignment of the device to 
the center of curvature of the immersion lens. 
 
Exploring the radiation patterns on an immersion lens with a single symmetric dipole 
design resulted in gain that was measured experimentally comparing the air-side vs. 
substrate-side illumination. For the specific case of infrared antenna-coupled micro-
bolometers on an immersion lens, theoretical calculations were carried out that properly 
accounted for the Fresnel reflections taking place in the device. These theoretical 
calculations were in good agreement with the experimental measurements. 
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Incorporating a 5 axis goniometer stage mounted on a 3 axis nanomover stage the 
antenna under test could be easily aligned to the focus of the laser beam and rotated in 
either the azimuth or elevation plane. This allowed for computer automated radiation 
patterns for the H-Plane and E-plane measurements. 
 
Various experiments were designed and carried out showing that the phase information 
was being preserved on the antenna array. A mutual coherence experiment was 
conducted in which the spatial coherence of a source was measured with the dual-
dipole design. This experiment is similar to the famous Young’s double slit experiment. 
The main differences between this experiment and Young’s double slit experiment were 
that the dual-dipole antenna replaced the slits in the experiment and rather than forming 
interference fringes directly onto a screen data processing was done using signal 
readout from the dual-dipoles to determine the coherence of the source. Varying the 
size of the source for a fixed separation of the dipoles the spatial coherence of the 
illuminating source was measured. The experimental data was in good agreement with 
the experimental data that was measured. 
 
Changing the position of the bolometer from the center of the dual-dipole design to one 
of the dipoles in the array introduced a phase shift in the current waves arriving at the 
bolometer from each of the dipoles in the array. The result of phase information being 
properly preserved on the antenna resulted in a shifting of the main antenna beam 
compared to the case of a centered bolometer between the two dipoles. This can be 
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easily observed in the H-plane radiation pattern measurements of the device. By 
designing different spacings between the dipoles, the induced phase was subsequently 
changed as well, with the overall effect resulting in different shifting positions of the 
main antenna beam. 
 
Another way to demonstrate phase preservation is by comparing H-plane radiation 
pattern measurements of having the bolometer centered between the two dipoles and 
then placed on the right dipole and then placed on the left dipole. The centered 
bolometer case results in a symmetric radiation pattern. Comparing the situations of 
right and left positioned bolometer shows the expected beam shifting to the right and to 
the left of normal. 
 
With the phase preserved on the array an initial attempt was done in order to perform 
narrowing of the antenna beam. Being able to narrow the beam is important as it allows 
a means to control the resolution of the infrared imager. Devices consisted of adding 
various dipole elements to the single dipole design. This showed some reduction in 
antenna beam width, most likely limited by losses in the interconnecting waveguide. 
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